Solid-state impurity spins with optical control are currently investigated for quantum networks and repeaters. Among these, rare-earth-ion doped crystals are promising as quantum memories for light, with potentially long storage time, high multimode capacity, and high bandwidth. However, with spins there is often a tradeoff between bandwidth, which favors electronic spin, and memory time, which favors nuclear spins. Here, we present optical storage experiments using highly hybridized electron-nuclear hyperfine states in 171 Yb 3+ :Y2SiO5, where the hybridization can potentially offer both long storage time and high bandwidth. We reach a storage time of 1.2 ms and an optical storage bandwidth of 10 MHz that is currently only limited by the optical Rabi drive frequency. This constitutes the first optical storage experiment using spin states in any rare-earth ion with electronic spin. These results pave the way for rare-earth based quantum memories with high bandwidth, long storage time and high multimode capacity, a key resource for quantum repeaters.
Solid-state impurity spins play an increasingly important role in quantum information technologies, with applications in communication, computing and sensing [1] [2] [3] . In quantum communication, solid-state spins that can be interfaced with photons are promising candidates for nodes in quantum networks and quantum repeaters. In such systems, optical transitions are used to convert quantum information between internal spin states and optical photons, where spins store and possibly process quantum information within the solid [3, 4] .
There is a current interest in using both the electronic and nuclear degrees of freedom of solid-state spin systems [3, 5] , with the goal of simultaneously achieving efficient manipulation and long-duration storage. Electronic spins couple strongly to external fields, making them ideal for high-bandwidth operations and highly sensitive sensors. The weaker coupling of the nuclear spins shields them from the environment, allowing longduration quantum storage. However, finding spin systems that simultaneously possess good optical, electronic and nuclear spin properties is challenging. A prominent example is the nitrogen vacancy (NV) center in diamond, where the electron spin of the NV can be coupled to photons [6] , while the hyperfine interaction with neighbouring 13 C nuclear spin provides a long-duration memory [5, 7] . Similar hybrid electron-nuclear systems are investigated using 31 P phosphor donors in silicon [8, 9] and quantum dots [10] .
Rare-earth-ion (RE) doped crystals represent another prominent example of solid-state impurities with excellent optical [11] and spin properties [12] . RE crystals have emerged as strong candidates for ensemble-based quantum memories (QMs) [13] [14] [15] [16] , and more recently for single ion/spin [17] [18] [19] [20] quantum information processing. For ensemble-based QMs, thus far only RE nuclear spin systems have been used for storing optical pulses using spin states [21] [22] [23] [24] , based on the nuclear quadrupole states of either Pr 3+ or Eu 3+ ions. While these nonKramers RE ions with quenched electronic spin provide excellent memory times, the purely nuclear states limit the memory bandwidth to < 10 MHz. RE ions with non-zero electronic spins, so-called Kramers ions, could potentially provide a solution to the bandwidth limit, provided that long coherence times can be engineered in such electronic spin systems.
Recently, it has been shown that such long spin coherence times can be found in some Kramers RE ions with electron spin S [25] [26] [27] [28] and non zero nuclear spin I by exploiting the hyperfine coupling S · A · I, where A is the hyperfine tensor. In Refs [27, 28] it was particularly shown that at zero applied magnetic field, an anisotropic hyperfine interaction leads to strong mixing of S and I, resulting in highly hybridized electron-nuclear states with zero first-order Zeeman (ZEFOZ) effect [29] . Using this feature we showed simultaneous long optical and spin coherence times of T o 2 = 180 µs and T s 2 = 1.5 ms, respectively, in 171 Yb 3+ :Y 2 SiO 5 [28] . We also showed that, while the hybridized states are insensitive at first order to slowly fluctuating magnetic DC fields (at the ZEFOZ point), the magnetic AC transition moment between the hybridized states remains electronic, resulting in high Rabi frequency and fast operations. These results are promising for broadband and long-duration optical quantum memories, but thus far there has been no demonstration of optical storage using spin states in any Kramers RE ion system.
In this Letter we demonstrate an optical memory using the hybridized electron-nuclear states at zero field in 171 Yb 3+ :Y 2 SiO 5 , based on the atomic frequency comb (AFC) memory scheme [30] . We reach a spin storage time of 1.2 ms and a bandwidth of 10 MHz, which is only limited by the current optical Rabi frequency. In addition, we show efficient optical AFC echoes with delays one order of magnitude longer than previously achieved :Y2SiO5 crystal at zero magnetic field. The Λ system used for optical storage uses transition ν1 for the input/output fields and transition ν2 for the control fields, and νMW for the MW fields. Transitions ν3 and ν4 are added for the different optical pumping steps. (b) The absorption spectrum after performing class cleaning and state initialization to the |4 g ground state over a 40 MHz bandwidth. Inset: zoom on the ν1 and ν2 transitions of the Λ system. (c) Optical depth of the anti-hole at ν1 frequency and the hole at ν2 frequency, as a function of delay after the state initialization. (d) Experimental setup (see text for details). FP -Fabry-Perot cavity, PDH -Pound-Drever-Hall module, PM -phase modulator, PLL -phase locked loop, λ/2 -half-wave plate, PBS -polarization beamsplitter, , FR -Faraday rotator, ×2 -microwave frequency doubler, SW -microwave switch.
in any Kramers system, which we attribute to reduced superhyperfine coupling in the zero-field ZEFOZ point.
The AFC memory is based on a ∆-periodic structure of highly absorbing peaks within an inhomogeneously broadened optical transition [30] . An input pulse then produces an optical AFC echo, with a delay of 1/∆. The AFC echo process allows high temporal multimode storage, provided that 1/∆ is much longer than the input pulse duration [31] . To achieve on-demand read out, an optical control pulse can be applied before the AFC echo, thereby converting the optical coherence into a spin coherence. This spin-wave memory [24, [32] [33] [34] is read out by applying another control pulse after a time T S , which results in an output pulse with a storage time of T M = 1/∆ + T S . The spin-wave storage time can be extended to the spin coherence time T s 2 by applying a spin echo sequence [34] .
The memory puts specific demands on the atomic system. It requires an excited state coupled to two spin states, a so-called Λ system, where the optical memory bandwidth is ultimately limited by the spin-state energy split [30] . Efficient AFC echoes and long 1/∆ delays require an optically deep and high resolution comb, which in turn requires a long optical coherence time and efficient optical pumping. Finally, long memory lifetime requires a long T [35] . The highly anisotropic hyperfine tensors splits both levels into four non-degenerate hyperfine states at zero applied magnetic field [1] , as shown in FIG. 1a. Many different combinations of transitions could be used as the Λ system for optical storage, with corresponding microwave frequencies from 529 to 3026 MHz. Here we focus on the particular Λ system formed by the ν 1 and ν 2 transitions, see FIG. 1a , with a spin transition at ν MW = 655 MHz, which has the required optical and spin coherence times [28] . A crucial first step towards optical spin-wave storage is then to demonstrate efficient optical pumping and optical AFC echoes.
Optical pumping of all hyperfine states requires addressing transitions involving all four hyperfine states. Our setup (FIG. 1d) is based on two lasers (master and slave), where the master is locked to a high-finesse cavity at the frequency of the ν 1 = 306263.0 GHz transition. The slave is locked to the master laser with an offset ν 2 = ν 1 + 0.6547 GHz using an optical phase lock loop (PLL). Additionally the slave laser addresses the ν 3 = ν 2 + 6.2594 GHz and ν 4 = ν 2 + 7.0762 GHz transitions by phase modulation (FIG. 1a and d) . with an isotopic purity of ≈ 95%. The optical inhomogeneous broadening is 1.3 GHz, hence there is clear overlap between optical transitions (FIG. 1b) . This issue can be solved by standard pumping sequences for RE crystals, refereed to as class cleaning [37, 38] . By class cleaning for 400 ms with all ν 1 -ν 4 frequencies and then state initializing into state |4 g using frequencies ν 2 -ν 4 , we obtain the absorption spectrum in FIG. 1b. The strong optical absorption on the ν 1 transition and the deep holes on the ν 2 -ν 4 transitions are evidence of efficient state initialization.
A measurement of the lifetime of the absorption structure showed that it rethermalizes with two different exponential time constants (FIG. 1c) ; a faster 36(6) ms decay and a longer 390(55) ms decay. The double decay is due the different relaxation rates between hyperfine states, as also observed in 145 Nd 3+ [3] . The population relaxation lifetimes are significantly longer than in the 10 ppm doped 171 Yb 3+ :Y 2 SiO 5 sample used in Ref. [28] , which indicates that the population relaxation is due to flipflops between ions in different hyperfine states [2, 3, 41] . A more detailed investigation of optical pumping and hyperfine flip-flop relaxation processes in this material will be presented elsewhere [42] .
In a first set of storage experiments the optical AFC echo was studied (FIG. 2) , without applying the optical control fields. The AFC was created on the ν 1 transition, which has the strongest absorption in the Λ system. In particular we measured the AFC echo efficiency η AF C as a function of the AFC delay 1/∆, which depends strongly on the contrast and shape of the comb. The ideal shape of the comb teeth is squarish, with an optimal comb finesse given only by the maximum optical depth [43] . To create such combs we use the optical pumping method presented in Ref. [31] , which was specifically designed to create optimal AFCs over a large frequency bandwidth. The AFC bandwidth was set to 20 MHz, and the 60 ms long comb preparation sequence directly followed the state initialization and class cleaning sequences.
An example of an optical AFC echo is shown in  FIG. 2a , and the echo efficiencies are plotted in FIG. 2b . At the shortest delay of 1/∆ = 1 µs, the AFC echo reaches a combined storage and retrieval efficiency of η AF C = 24%. The associated comb is shown in FIG. 2c , and it features a high contrast, squarish shape that is close to optimal. The theoretical efficiency for an optimal comb for an optical depth of d = 4 is 32% [43] . But the experimental comb at 1/∆ = 1 µs has a background optical depth of about d 0 ≈ 0.3, which reduces the efficiency to 0.32 exp(−d 0 ) = 24% [44] , consistent with the experimental data. Higher efficiencies should be achieved by improving the optical pumping, which requires a lower 171 Yb 3+ concentration to reduce the flip-flop rate [2] , and using optical cavities [4, 5] .
The decay of the AFC echo as a function of 1/∆ is due to a reduction in contrast and a small deviation in shape from the optimal square one, as exemplified for 1/∆ = 5 µs in FIG. 2c . The decay curve can be fitted using the formula exp −4/(∆ · T 2 ) , where ideally the T 2 is the optical coherence time [31] . However, shorter T 2 are typically obtained due to technical noise such as laser coherence time limitations and cryostat vibrations. The data in FIG. 2b shows a double exponential decay with T 2 = 15 and 165 µs, respectively, while the optical coherence time in this material we measured to be as long as 600 µs with photon echoes. We believe the laser spectrum to be the main limitation to the observed decay constants.
The timescale of the AFC delays shown in FIG. 2b is up to two orders of magnitude longer than previously achieved delays (0.1 − 1 µs) in RE ions with electronic spin degrees of freedom, such as in Nd 3+ [14, 47] or Er
3+
[48] doped crystals. Those short decays have been explained [47, 48] by invoking superhyperfine interaction between the RE electronic spin and the nuclear spin of Y 3+ ions in the host, which causes spectral nuclear spinflip sidebands [49] and effectively enlarges the homogeneous linewidth of the RE ion. The efficient AFC echoes at long delays suggest that superhyperfine interaction is strongly suppressed at the zero-field ZEFOZ point. The delays are similar to those achieved in the purely nuclear RE spin systems Eu 3+ [31] and Pr 3+ [50] , which yet again highlights the interest of the hybridization of the electronic and nuclear spins at zero field in 171 Yb 3+ :Y 2 SiO 5 . We now turn to the optical spin-wave storage experiments, which in addition require coherent manipulation of the optical and microwave transitions, see FIG. 3 . Optically one requires an efficient control pulse on the ν 2 transition, see FIG. 1a , which has a dipole moment about 3 times weaker than the ν 1 transition (see Supplemental materials [51] ). On the ν 1 transition we achieved an optical Rabi frequency of Ω O = 2.0 MHz, see FIG. 3a , which gives an estimated Rabi frequency of Ω O = 0.6 MHz on ν 2 . To then achieve efficient transfer over the bandwidth of the input pulse of duration 100 ns, we used adiabatic HSH pulses [52] of duration 5 µs, chirped over 10 MHz. The estimated transfer efficiency per HSH pulse was >90%.
On the microwave transition ν MW , the stored spin coherence induced by the optical control field will dephase with the inverse of the inhomogeneous spin linewidth 1/Γ MW . We measured a spin linewidth of Γ MW = 0.7 MHz (see Supplemental materials [51] ), which practically makes it impossible to read out the memory given the duration of the optical transfer pulse. But the spin coherence can be rephased with a spin echo sequence [34, 53] , in this case a pair of MW π pulses greatly extends the storage time. Using a coil wrapped around the crystal we reached a Rabi frequency of Ω MW = 0.65 MHz, see FIG. 3a . Given the weak AC field created by the coil (order of 10 µT), the obtained Rabi frequency emphasizes the electronic nature of the spin transition moment. To achieve efficient transfer over the spin linewidth, we employed adiabatic MW pulses with a duration of 10 µs and a chirp bandwidth of 3 MHz, having an estimated transfer efficiency of >95%.
The final AFC spin-wave storage experiment data is shown in FIG. 3d , as a function of the total storage time T M = 1/∆ + T S . Memory output pulses were detectable beyond 1 ms and the memory lifetime is consistent with previous measurements of the spin coherence time in 171 Yb 3+ :Y 2 SiO 5 [28] . It should be emphasized that we reach spin-wave storage times presently only achieved in Eu 3+ :Y 2 SiO 5 crystals using nuclear states. For the shortest spin storage time of T S = 100 µs, the total memory efficiency was η M = 3.3%. While the AFC echo efficiency could be understood by the optical depth, see FIG. 2 , the total memory efficiency falls short of our predictions by a factor of 4, given the optical and MW control pulse efficiencies given above (see Supplemental materials [51] ). Possibly these were overestimated and/or their phase coherence was not sufficient.
To summarize, in this Letter we have demonstrated storage of optical pulses using the electronic-nuclear hyperfine states in 171 Yb 3+ :Y 2 SiO 5 , which constitutes the first demonstration of spin-wave storage in any RE ion with electronic spin. Moreover, the AFC echo delay (which is related to temporal multimode capacity) and the total spin-wave storage time reach similar performance as in the pure nuclear Eu 3+ :Y 2 SiO 5 system, but with 5 times larger optical bandwidths [54] .
To conclude, we briefly discuss current limitations and future prospects of the memory. The optical bandwidth is currently limited by the optical Rabi frequency of the control field. Other Λ systems could reach higher Rabi frequencies using different polarization modes. To efficiently excite microwave transitions at > 1 GHz in these Λ systems, one can use lumped-element MW cavities [55, 56] . The optical Rabi frequency can also be greatly increased by using laser-written waveguides [50, 57] and would allow memory bandwidths in the range of 100 MHz to 1 GHz. This would facilitate interfacing with quantum photon pair sources [15, 58] , and possibly allow interfacing with quantum dot single photon sources [59] [60] [61] . There is also the prospect of greatly increasing the AFC multimode capacity, which would increase the rate of a quantum repeater [62] . By increasing the bandwidth and by achieving AFC echo delays only limited by the long optical coherence time in 171 Yb 3+ :Y 2 SiO 5 , the temporal multimode memory capacity could potentially reach 1000 modes. In combination with long spin-wave stor-age times, this system is therefore highly interesting for future generations of solid-state quantum repeaters.
SUPPLEMENTAL MATERIALS Crystal
Our sample is a 171 Yb 3+ :Y 2 SiO 5 crystal with 5 ppm doping concentration and with an Yb 3+ isotope purity of 95%. The inhomogeneous broadening on the optical 2 F 7/2 (0) ←→ 2 F 5/2 (0) transition was measured to be 1.3 GHz which is noticeably larger than 0.56 GHz measured in 10 ppm sample with [1] . We attribute this to the imperfections during the growing process of the crystal. The crystal was grown by Czochralski method and cut along orthogonal polarization extinction axes of the 
Population relaxation
The population relaxation was probed using optical spectral hole burning technique [2] . As mentioned in the main text, several decay constants were observed, which can be interpreted as relaxation processes involving various hyperfine transitions [3] . The longest relaxation was measured to be bigger about 400 ms, while the shortest was 40 ms. From the decay of the sidehole and antihole structure we attribute the fast decay to relaxation on |4 g ↔ |3 g and |1 g ↔ |2 g transitions coming from the spin cross-relaxation. While the long decay could be attributed to relaxation on |4 g ↔ |2 g and |1 g ↔ |3 g transitions.
Spin Rabi frequency
To address the spin |4 g ↔ |3 g transition we use the unmatched inductive copper coil wrapped around the crystal with 6 turns aligned with b axis of the crystal. To drive the transition the signal generator Agilent ESG is used together with 4 W microwave amplifier. Using the impedance-unmatched coil with inductance of ≈ 200 nH the induced oscillating magnetic field at 655 MHz frequency on the order of 10 − 20 µT was achieved.
The coherent operation on the spin |4 g ↔ |3 g transition was tested using the optical probe pulse synchronised with the microwave square pulse (FIG. 4) . By looking at the absorption of the probe the Rabi oscillation with up to Ω MW = 0.65 MHz frequency was measured. This is in accordance with the estimated microwave power coupled to the unmatched coil taking into account the magnetic dipole moment of the transition gµ B with g = 6.06 and µ B /h = 13.99 GHz/T for a microwave excitation along the b axis.
To generate efficient π-rotations in a microwave domain we used sech/tanh adiabatic-shape chirped pulses. This allows one to achieve efficient population inversion over the entire spin inhomogeneous linewidth of the spin ensemble. For this we use the IQ-modulation channels of the Agilent ESG signal generator which is controlled by the arbitrary function generator (Tektronix 3022C).
The efficiency of the π-pulse was estimated by probing the population using the optical probe pulse and measuring the population change before and after several pairs of π pulses. The efficiency of up to 97(1)% was deduced from this measurement. We attribute this imperfection to a spatial inhomogeneity of the Rabi frequency induced by the copper coil along the crystal. 
Spin rephasing
The inhomogeneous broadening of the hyperfine transition was previously estimated using Raman heterodyne scattering to be about Γ MW = 730 kHz. This value is order of magnitude bigger than for the hyperfine transitions of non-Kramers ions. This leads to a much faster dephasing of the induced spin coherence, which is happening in ≈ 500 ns. Such fast dephasing imposes a strong constraint on the separation between two control field pulses to observe the three-level AFC echo after transferring from the spin state.
Instead of this the pair of π pulses can be applied on the microwave transition for the refocussing/rephasing of the induced spin coherence ( see FIG. 1c) . The distance between pulses τ has to match the timing between control field pulses T S such that τ = T S /2. To probe the dephasing process one can measure the efficiency of the rephased signal as a function of the delay between π pulses η M (τ ). If we assume a Gaussian profile for the spin inhomogeneous broadening, the decay of the stored echo is given by
where A is the constant including the efficiency of the two-level AFC η AFC and finite efficiency of the transfer η T and microwave η MW pulses. The results are depicted on FIG. 6 together with the fit by Eq. (1). The extracted FWHM of the inhomogeneous broadening of the spin transition of Γ MW = 0.73(4) MHz is in accordance with the previous estimation.
Optical branching ratio
The optical branching ratio TABLE I was measured for the sample with higher 10 ppm concentration. The light was polarized along D 2 axis. The spectral hole burning technique was used to extract hole/antihole amplitudes for every optical transition. For this the spectral hole was prepared at ν 1 laser frequency, while probing the the probe was scanned over a wide range (10 GHz) to measure whole optical absorption spectra. The hole/antihole structure was further extracted for the measured spectra.
The optical inhomogeneous broadening for this sample is 0.56 GHz, which results in a low overlap between different spectral classes. In this case the amplitudes for most of holes/antiholes represent the absorption coefficient for the certain optical transition. This way, the optical branching ratios for the given ground state connected to different excited states were extracted. Further normalization was used to reconstruct the whole 4 × 4 table (TABLE I) .
Optical transfer
Using ≈ 300 mW power for the optical control field we measured the Rabi oscillation of ≈ 2 MHz for |4 g ↔ |1 e optical transition (FIG. 5) . This value is limited by the low oscillator strength of the transition and, in principle, can be enhanced by the external optical cavity or the strong light confinement using waveguide structures. An order of magnitude increase has been demonstrated previously.
By using the optical branching ratio table (TABLE I) we estimate the Rabi frequency of |3 g ↔ |1 e to be ≈ 0.6 MHz. Since the optical branching ratios strongly depend on light polarization, other Λ systems can be used. This will allow one to reach three times bigger bandwidth of control pulses.
Two-level AFC
By varying the frequency separation of the comb teeth ∆ one can probe the quality of the prepared comb structure. For this the two-level AFC echo experiment was performed for various storage times ( see FIG. 2d ). Due to the finite width of the created structure the intensity of the echo reemission will degrade for longer 1/∆ storage times with characteristic decay time T * 2 characterizing the spectral comb
where η opt AFC is the maximum efficiency for a given optical depth of the comb d, optimal finesse F and background absorption d 0 given by
The optimal finesse is F = π/arctan(2π/d) and the ultimate limit for the decay time T * 2 is given by the coherence lifetime of the optical transition T o 2 . The highest efficiency for a given optical depth d is obtained for square peaks, where the intrinsic dephasing from the absorption peak shape is given by second term in the Eq. (3). In this scenario the echo efficiency is bounded by 54% due to reabsorption (the last term in the Eq. (3)). This limit can be overcome by forcing the reemission in the backward direction or by placing the crystal inside an impedancematched cavity to reach a theoretical limit of 100% [4, 5] .
The effective decay T * 2 extracted from the experiment is conetains two decaya constants of ≈ 16 µs and ≈ 160 µs ( see FIG. 2d) . These values are still much lower than the measured optical coherence time T o 2 of the optical transition of 600 µs. The effects of the spectral resolution and the laser linewidth are the most probable limitations.
Experimental setup
Our laser setup is based on two external cavity laser diodes at 978.8 nm (Toptica DLpro and DL100) ( see  FIG. 7 ). The first (master ) laser is stabilized using custom Fabry-Perot cavity with finesse approaching ≈ 5000 by Pound-Drever-Hall technique at ν 1 ≈ 306263.0 GHz frequency. The cavity is placed into the custom vacuum system and is passively stabilized. After, this laser is used for the preparation of the atomic frequency comb structure at |4 g ↔ |1 e transition and the creation of the input pulse ( see FIG. 7a ). This method of locking provides the laser linewidth of ≈ 1 kHz comparable with homogeneous linewidth of the optical transition Γ h = (πT o 2 ) −1 , which is estimated to be ≈ 2 kHz.
The second (slave) laser is stabilized using custom optical phase locked loop setup using the external signal generator at ν 2 ≈ ν 1 +0.6547 GHz optical frequency with respect to the master laser [6] . The tapered amplifier (Toptica Boosta) is used to reach 1.2 W optical power level utilized for the control mode. The part of this power is going through the fibre-based Eospace phase modulator to create two additional frequencies ν 3 = ν 2 +6.2594 GHz and ν 4 = ν 2 + 7.0762 GHz to address |2 g ↔ |3 e and |1 g ↔ |4 e optical transitions, respectively. These frequencies are used to polarize the spin ensemble in |4 g ground state before the preparation of the AFC structure ( see FIG. 7b ).
Acousto-optic modulators (AOM) are used to create the necessary light pulse sequence for the storage experiment. It consists of class cleaning (400 ms), population polarization (300 ms), AFC preparation (60 ms) and storage sequence ( see FIG. 7c) . The RF signals used to drive the AOMs are generated using an arbitrary waveform generator (Tabor WW1281A), arbitrary function generators (Tektronix 3102C) combined with custom AOM drivers. We use two different optical paths to interact with the sample to spatially separate the input and control modes, which prevents the noise from the strong control mode polluting the echo signal ( see FIG. 7c ).
After each AOM the light is coupled into a single-mode polarization maintaining fibre and then out-coupled on a separate optical table, where the closed cycle cryogenic cooler (Oxford, PT-405) with an optical access is located ( see FIG. 7b ). Our 171 Yb 3+ :Y 2 SiO 5 crystal is attached to the cold head using custom copper support using silver paste. The support is based on copper braids and suppresses vibrations coming from the cryogenic cold head. This allowed us to run all the experiments without detrimental effects of mechanical vibrations.
The 125 mm lens is used to focus both modes on to the crystal, resulting in a beam width size of around 90 µm for the input mode. The beam width size of the control mode is 150 µm. The maximum power in the control mode before the cryostat window is measured to be 300 mW. The maximum power available in the input mode is 5 mW. An additional 125 mm lens is placed after the crystal for spatial mode matching. Two right angle mirrors are used to reflect the input mode symmetrically around the control mode to pass second time through the crystal, as well an additional mirror is placed to back reflect the input mode. This results in quadruple-passage through the crystal to increase the overall absorption. The optical depth of ≈ 4 − 5 at |4 g ↔ |1 e transition was achieved after the polarization sequence.
The output mode is separated using the free-space Faraday rotator (FR) together with the polarization beam splitter (PBS) and half-wave λ/2 plate. The polarization in the quadruple path is set by the half-wave λ/2 plate parallel to D 2 axis of the crystal to maximize the absorption ( see FIG. 7b ). The separate half-wave λ/2 plate is used for the control mode to math the polarization of the input mode. The signal is detected using the Thorlabs photodiode with switchable gain corresponding to 4 MHz bandwidth.
